Background and Aims Natural regeneration of white spruce (Picea glauca) after disturbance has been reported to be very poor. Here a study was made to determine whether C compounds released from understorey species growing together with white spruce could be involved in this regeneration failure, either by (1) changing soil nutrient dynamics, (2) inhibiting germination, and /or (3) delaying seedling growth.
I N T R O D U C T I O N
White spruce (Picea glauca) is one of the most common species in boreal forests in North America. This species fails to regenerate naturally in managed forests because of a low seed availability and inadequate seedbed conditions after clear-cutting (Timoney and Peterson, 1996; Greene et al., 1999; Wurtz and Zasada, 2001) . The presence of understorey species has also been associated with decreases in coniferous forest regeneration (Ponge et al., 1998) . Besides the negative interactions that may occur between species due to resource competition, some authors have argued that the presence of allelopathic compounds leached from the understorey, such as phenolic compounds, could partially explain the low regeneration of conifers in boreal forests after clear-cut disturbance (Ponge et al., 1998) .
Phenolic compounds are carbon-based secondary metabolites widespread in plants that have been described to play an important role in the interaction of vegetation with its environment (Waterman and Mole, 1994; Inderjit, 1996; Hättenschwiler and Vitousek, 2000; Kraus et al., 2003) .
Phenolics can be leached out by rainfall from green foliage and decomposing litter, and thus reach the soil underneath the canopy (Kuiters and Sarink, 1986; Inderjit and Mallik, 1996; Gallet and Pellisier, 1997) . Once in the soil, they can affect soil nutrient dynamics by forming complexes with proteins and delaying organic matter decomposition and mineralization (Horner et al., 1988; Nicolai, 1988; Hättenschwiler and Vitousek, 2000; Castells et al., 2004) , and by increasing the soil microbial activity and N immobilization (Sparling et al., 1981; Blum and Shafer, 1988; Sugai and Schimel, 1993) . These processes result in a decrease of the inorganic N available for plant uptake.
Phenolics have also been described as allelopathic agents affecting the performance of target vegetation, either by inhibiting seed germination, root elongation or plant growth (Nilsson and Zackrisson, 1992; Gallet, 1994; Zhu and Mallik, 1994; Inderjit, 1996) . Because the specific mechanisms of allelopathy have not been extensively described, some controversy has arisen about whether phenolics do indeed affect plant physiological processes under natural conditions (Michelsen et al., 1995; Wardle and Nilsson, 1997) . Some studies support the hypothesis that negative interactions among plants mediated by organic compounds released from foliage, including phenolics, are actually caused by changes in soil nutrient dynamics (Michelsen et al., 1995; Schmidt et al., 1997) and not by direct effects on the target species. Although both mechanisms may operate simultaneously (Inderjit and Del Moral, 1997) , determining what process prevails in natural conditions is rather complex. Phenolics comprise a large group of secondary metabolites with a wide range of chemical properties, from the low molecular weight phenolic acids to the high molecular weight condensed tannins, and the fate of these compounds when released to the nearby soil may highly depend on the type of compound (Inderjit, 1996; Hättenschwiler and Vitousek, 2000) . Because the quantity and quality of phenolics in plants is strongly determined by genetics (Hamilton et al., 2001) , the specific mechanisms affected by phenolics in soil-plant or plant-plant interactions may vary among donor species. Moreover, other polar compounds such as carbohydrates are frequently leached out from the canopy together with the phenolics (Horner et al., 1988) . Carbohydrates have been shown to increase soil N immobilization when microbes use them as a C source (Sparling et al., 1981; Blum and Shafer, 1988; Sugai and Schimel, 1993; Castells et al., 2004) and they should also be considered because in some cases the effects of carbohydrates eclipse the changes produced by phenolics (Castells et al., 2004) .
Here we studied whether phenolic-containing species commonly associated with white spruce forests in Interior Alaska could negatively interfere with the performance of white spruce, and thus potentially affect its regeneration through the release of C compounds by rainfall. We selected two shrubs (Ledum palustre and Empetrum hermaphroditum) and one bryophyte (Sphagnum sp.) with high concentrations of phenolic compounds (Nilsson and Zackrisson, 1992; Rasmunsen et al., 1995; Castells et al., 2003) that had been reported to exert negative effects on conifers in natural conditions. As a comparison, a bryophyte (Hylocomium splendens) with negligible phenolic compound concentrations was selected. The reported negative effects of these species on boreal ecosystems include decreases in growth of Picea mariana and Picea glauca at sites dominated by Ledum sp. (Inderjit and Mallik, 1996; Cole et al., 2003) , inhibition of Pinus sylvestris regeneration post-fire in sites dominated by Empetrum hermaphroditum (Zackrisson et al., 1997) , and suppression of vascular plant growth in Sphagnum-dominated bogs (Van Breemen, 1995) .
Leachates from all four species (Ledum palustre, Empetrum hermaphroditum, Sphagnum sp., and Hylocomium splendens) were obtained in the laboratory and applied to mineral soils, white spruce seeds and seedlings. The aim was to ascertain whether compounds released from each species could negatively affect white spruce performance at three levels: (1) at the soil level by changing net N mineralization and thus N availability; (2) at the seed level by inhibiting germination; and (3) at the plant level by decreasing seedling growth. The processes that may be relevant in white spruce regeneration failure for each of the studied species are discussed, differentiating between indirect effects on plant growth through changes in nutrient availability and direct allelopathic effects on plant physiology during germination and seedling growth.
M A T E R I A L S A N D M E T H O DS

Leachate preparation
Green leaves from two evergreen boreal shrubs, Ledum palustre (Labrador tea) and Empetrum hermaphroditum (crowberry), and the non-decomposing layer of two bryophytes, Sphagnum sp. and Hylocomium splendens, were sampled near Fairbanks, Alaska (64Á8 N, 148Á0 W) during July 1998. The plant material was sampled from several individuals and combined together within species to obtain a single leachate pool. Although this approach does not consider the intraspecific variability of the phenolic and organic carbon concentrations, it has the advantage of incorporating an averaged chemical composition while minimizing the number of treatment replicates. Leachate for each of the species was obtained by shaking fresh plant material (50 g equivalent dry weight) in 1 L distilled water for 48 h at room temperature (Zackrisson et al., 1996) and filtering through Whatman 42 filter paper. A control of distilled water only was prepared following the same procedure used for the plant leachates. A subsample of each leachate was analysed for total water-soluble phenolics by the Folin-Ciocalteu method (Marigo, 1973) using gallic acid as a standard, and for dissolved organic carbon (DOC) (Shimadzu TOC 5000). Dissolved organic nitrogen (DON) was analysed by digesting 20 mL of leachate with concentrated H 2 SO 4 . The resulting NH 4 + as well as the NH 4 + and NO 3 À present in the non-digested leachates were analysed using a modified Technicon Autoanalyzer II. Dissolved organic nitrogen was estimated by subtracting the NH 4 + of the intact leachate from the total NH 4 + obtained in the digested samples. The C/N ratio was calculated by dividing DOC by DON. Leachates were stored at À20 C and thawed before use.
Soil sampling and incubation
The A soil horizon was sampled from four locations in a closed white spruce forest (Picea glauca/Hylocomium splendens community) at Bonanza Creek Experimental Forest, Fairbanks. This mature stand is dominated by white spruce, but occasional Betula papyrifera and Populus tremuloides persist beneath the spruce canopy. The forest floor is primarily covered by a moss mat of Hylocomium splendens. Scattered shrubs of Alnus crispa and Viburnum edule make up less than 1 % cover. Herbaceous cover is also low and consists primarily of Calamagrostis canadensis, Geocaulon lividum and Pyrola secunda. Soils are Alfic cryochrept, silt loam, well-drained with no permafrost, very friable and with abundant roots. The depth range for the A horizon was 6-15 cm. Soils were bulked together among locations, sieved through 2 mm mesh and kept at 4 C. Total organic C (3Á2 % C) and total N (0Á16 % N) were analysed by an elemental combustion analyser (LECO CNS-2000, St. Joseph, MI).
The mineral soil (100 g FW) was placed into 250 mL jars 24 h before starting the incubation in order to minimize soil perturbation effects. Six replicates per treatment were used (Ledum, Empetrum, Sphagnum, Hylocomium and distilled water leachates), with 30 jars in total. Each jar was supplied with leachate until field capacity was reached (17 mL), and incubated at 15 C for 4 weeks. Field capacity was determined by adding excess water to six replicates of 50 g FW soil subsamples and applying a vacuum at 0Á33 bar for 1Á5 h. Soils were weighed before and after vacuum treatment to calculate the amount of moisture necessary to reach field capacity. For the determination of net N mineralization, three 15 g FW replicates of soil before the incubation (initial) and three replicates per jar at the end of the incubation (final) were extracted with 75 mL of 2 N KCl for 1 h, filtered through Whatman 42 filter paper and analyzed for NH 4 + and NO 3 À as described above. Subsamples of the initial and final soils for each jar were dried at 65 C for 48 h to determine water content. Potential soil net N mineralization rates were calculated as the difference between initial and final extractable NH 4 + and NO 3 À concentrations and expressed per unit of soil dry weight. Nitrification was not detectable for any of the treatments.
Seed germination experiment
Picea glauca (Moench) Voss seeds were obtained from cones sampled during summer 1998 in Fairbanks. To study the effects of plant leachates on seed germination, 80 seeds per treatment were placed in eight 9-cm diameter petri dishes (ten seeds each) on Whatman 42 filter paper. Each Petri dish was watered on the initial day with 1Á5 mL of leachate (Ledum, Empetrum, Hylocomium, Sphagnum or distilled water). Seeds were kept at room temperature and high humidity for 1 week, and the appearance of the radicle was checked daily.
Seedling growth experiment
Fifty 1-year-old Picea glauca seedlings (3Á24 6 0Á09 g DW) from a local nursery were forced from dormancy in a glasshouse under a 24 h light photoperiod and 18-30 C. Seedlings were transplanted to individual conical containers ('Cone-tainers' single cell system, Stuewe and Sons, Corvallis, OR) with the mineral soil sampled at Bonanza Creek Experimental Forest, Fairbanks, AK. Leachate treatments were assigned to each seedling following a randomized block design, with ten seedlings per treatment. Seedlings were watered twice a week with 10 mL of leachate. On the days leachates were not applied, the seedlings were irrigated as needed. At day 47, seedling shoots were harvested and new growth and old growth were separated. Both fractions were oven-dried at 65
C for 48 h and weighed. Seedling growth was expressed as the ratio between shoot new growth and old growth.
Statistical analyses
The effects of leachates on net N mineralization, seed germination and seedling growth were tested by a one-way ANOVA. A linear correlation was calculated between net N mineralization and organic C and between net N mineralization and total phenolics. All statistical analyses were conducted using Statistica 6Á0 (Statsoft, Inc., Tulsa, USA).
R E S U L T S A N D D I S C U S S I O N
Chemical composition of the leachates greatly differed between the shrubs and the bryophytes. Leachates of the shrub L. palustre had the highest concentrations of total water-soluble phenolics, DOC, NH 4 + , NO 3 À and C/N ratio among all analysed species (Table 1) . The shrub E. hermaphroditum also presented significant amounts of total water-soluble phenolics and DOC, although it had negligible concentrations of NH 4 + and NO 3 À . Dissolved organic nitrogen concentrations were similar between leachates of L. palustre and E. hermaphroditum. The bryophytes Sphagnum sp. and H. splendens had no significant concentrations of total water-soluble phenolics, DOC, DON, NH 4 + and NO 3 À in the leachates compared with the distilled water control. Sphagnum is reported to contain phenolic acids, including the genus-specific sphagnum acid (Verhoeven and Liefveld, 1997) . Although some phenolics in Sphagnum are attached to the cell walls, the majority are found in a free water-soluble form and can be excreted into the bog water around the mosses (Rasmussen et al., 1995) . However, in our study no significant release of phenolic compounds or DOC from Sphagnum was found, and thus no effect on soil N cycling, white spruce germination or growth was reported. The effects of Sphagnum in creating a wet, acidic, nutrient-poor and anoxic environment are expected to be more dramatic in the suppression of vascular plant growth than the potential effect of the released organic compounds (Van Breemen, 1995) .
The analyses of total phenolic compounds using the Folin-Ciocalteau assay have been shown to present some problems when estimating concentrations from different species (Appel et al., 2001) . Because each species contains a particular phenolic profile, from the low molecular weight phenolic acids to the high molecular weight condensed tannins, the measure of total phenolic concentrations can T A B L E 1. Chemical characteristics of leaf leachates from the four studied species be either over-or under-estimated, if only the reducing capacities of the phenolic aromatic hydroxyls are considered as performed by the Folin-Ciocalteu assay (Appel et al., 2001) . In our study, however, the use of this method does not seem to present strong limitations because we aimed to determine the biological activity of phenolics on soil N cycling, seed germination and seedling growth. At least for some of these processes, for instance when phenolics form bonds with proteins present in the soil, the hydroxyl groups are directly involved (Appel, 1993) and thus the use of Folin-Ciocalteu assay seems adequate. Moreover, since the analyses were performed on the water-soluble phenolics leached from foliage, we would expect a more homogeneous composition compared to the whole phenolic fraction. The addition of leachates from the shrubs L. palustre and E. hermaphroditum to mineral soils decreased net N mineralization compared with the control (Fig. 1) . This effect could be caused by an increase in N immobilization due to the presence in the leachates of high DOC concentrations and a high C/N ratio. Additions of C are expected to increase soil microbial biomass (Bradley et al., 1997) and thus to stimulate microbial turnover, increasing gross mineralization as well as immobilization rates (Clein and Schimel, 1995) . Castells et al. (2003) showed that leachates of L. palustre decreased the soil net N mineralization by increasing N immobilization, but no distinction was made regarding the type of C compounds that caused this effect. Both phenolics and carbohydrates have been reported to increase N immobilization when microbes used labile C compounds as a substrate (Sparling et al., 1981; Shafer and Blum, 1991; Sugai and Schimel, 1993; Schimel et al., 1996; Castells et al., 2004) . Additionally, phenolics can also decrease net N mineralization by forming complexes with proteins and delaying organic matter decomposition and gross N mineralization (Hättenschwiler and Vitousek, 2000) . The nature of the compounds released by leaching will influence what process is taking place. Thus, the high molecular weight phenolics, such as condensed tannins, were more involved in linking organic matter and slowing decomposition, while the low molecular-weight phenolics and carbohydrates were more easily degraded by microorganisms when used as a C source (Fierer et al., 2001; Castells et al., 2004) . The inversely proportional relationship between changes in net N mineralization and DOC or phenolic concentrations in our study (Fig. 2) suggests that the quantitative differences between L. palustre and E. hermaphroditum on net N mineralization are more related to the concentration of labile C compounds present in the leachates rather than differences in biological activities of the compounds released from each species. The release of NH 4 + in L. palustre leachate may also favour the increase of soil N immobilization. Because there is a prevalence of N immobilization over gross N mineralization in the organic horizon from boreal forests during the growing season (Jonasson et al., 1993; Castells et al., 2003) , the N mineralized in the mineral horizons can be a major source of N for plant uptake, and a decrease in net N mineralization may diminish the inorganic N available for vegetation and so potentially affect white spruce growth. Previous studies have shown that plant leachates may affect soil nutrient dynamics not only over a short term but also over a longer term, with a corresponding potentially higher impact on ecosystem functioning. Thus, Ledum sp. leachates changed soil chemical properties, increasing the C/N ratio of the organic matter (Castells et al., 2003) , and also K and PO 4 À concentrations (Inderjit and Mallik, 1997) . Moreover, soils sampled underneath Ledum palustre had a lower net N mineralization and soil C/N ratio compared with soils not associated with L. palustre, and the carbon compounds released from the canopy were at least partially responsible for this effect (Castells et al., 2003) .
When white spruce seeds were watered with L. palustre or E. hermaphroditum lechates, germination was significantly lower from the second to the fourth day compared with the control (Fig. 3) . However, no differences in final germination were found after 1 week of treatment. Leachates of L. palustre and E. hermaphroditum had no effect on white spruce seedling growth. The reported changes caused by L. palustre and E. hermaphroditum leachates on soil net N mineralization, and thus an expected lower N availability for the treated white spruce seedlings, did not diminish growth. White spruce seedlings can accumulate storage reserves during the growing season and retranslocate Values are mean 6 s.e., n = 10. No significant differences were found for any of the treatments compared to the control. nutrients to produce new tissue (Chapin et al., 1990) , especially after winter when the root system has not yet regenerated (McAlister and Timmer, 1998) . McAlister and Timmer (1998) found that net nutrient uptake of white spruce seedlings during the first year of growth was small or negative, and nutrients allocated to new growth were mostly from internal rather than external sources. The seedlings used in our experiment were dormant before being transplanted under favourable conditions for growth. Thus, they could use stored nutrients for allocating to new growth and so become more independent of soil nutrient availability. The effects of leachates on N mineralization, however, are expected to become significant for seedling growth over a longer term when seedlings have to rely on external nutrient sources.
In conclusion, soluble compounds released from the shrubs L. palustre and E. hermaphroditum could indirectly affect the performance of white spruce during regeneration by decreasing the soil N availability. Phenolic compounds from the bryophytes Sphagnum sp. and H. splendens do not play a role in the performance of white spruce. Our results do not support the occurrence of allelopathic effects exerted by phenolics involving inhibition of germination or early seedling growth. However, other questions should be addressed before rejecting the presence of allelopathy in this system. First, the temporal variation in plant chemical composition should be taken into account. The concentrations of phenolic compounds are known to vary with plant phenology and season (Kraus et al., 2003) , and thus differences in the quantitative effects of leachates on plant-soil and plant-plant interactions may be expected over time. Second, other sources of phenolics released to the nearby soil and surrounding vegetation should be considered. Leaf litter has proved to be a major source of phenolic compounds during decomposition (Hättenschwiler and Vitousek, 2000; Kraus et al., 2003) and its different chemical profile compared to green leaves, for instance, with a major presence of insoluble condensed tannins (Hättenschwiler and Vitousek, 2000) , opens the possibility of additional biological activities that were not considered here. Determining the importance of green leaf and litter leachates across different seasons on soil N cycling, germination and seedling growth will offer a more accurate picture on the effects of the understorey on white spruce regeneration.
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